Compression versus pressure at ambient temperature has been measured for tantalum, gold, and platinum to 94 GPa and for aluminum, copper, and tungsten to 153 GPa, in a diamond anvil cell. Standard synchrotron x-ray diffraction accuracy in the volume determination could be achieved to the maximum pressure. The current data set is used to recalibrate the static pressure scale based on the ruby luminescence, confirming recent suggestions of an underestimation of pressure. Using an updated pressure calibration, the consistency between ultrasonic, dynamic, and static measurements of the equations of state is improved for these six equations of state. This consistency allows us to test the predictive power of density functional theory, with different approximations, for equation-of-state calculations. For example, the generalized gradient approximation leads to very accurate results, except for gold, the heaviest element.
I. INTRODUCTION
Recently, important advances have been achieved in static high-pressure experiments. Not only has the pressuretemperature range of measurements been significantly extended but it has also been shown that the measurements could be performed under these extreme conditions with almost similar accuracy to ambient pressure. [1] [2] [3] In particular, using the x-ray beam of the third generation synchrotrons, single-crystal x-ray diffraction (XRD) could be extended in the Mbar range, even for the lightest systems, and subtle changes detected. 4, 5 The joint use of helium as a quasihydrostatic pressure medium and tiny crystal samples helped to prevent measurement biases due to the deviatoric stress and hence to reach the actual thermodynamic state.
However, the absolute accuracy of these equation-of-state (EOS) measurements cannot be higher than the accuracy of the static pressure scale. Unlike for shock-wave experiments, the pressure cannot be directly measured in static experiments. Therefore, secondary pressure scales must be used, such as luminescence gauges, 6, 7 and x-ray gauges. 8, 9 At ambient temperature, the ruby luminescence pressure scale is the most widely used. It has been calibrated using shockwave equations of state, reduced to ambient temperature (RSW-EOS), of Ag, Cu, Pd, and Mo up to 80 GPa. 6, 10 Recently, an absolute calibration of the ruby scale has been established up to 55 GPa. 11 This study has verified that the ruby scale was accurate within 2% up to 55 GPa. This has also shown that the method of using the volume of metals as primary standards is suitable to calibrate the ruby pressure scale. But recent analyses of the static EOS data of diamond and Ta have suggested that the ruby pressure scale could underestimate pressure by Ӎ10 GPa at 150 GPa. [12] [13] [14] The first aim of the present study is to extend the calibration of the ruby gauge up to higher pressure, following the method developed by Mao et al., 10 but with higher precision in the volume determination of the metals and by taking into account recent studies on the robustness of the reduction of shock-wave data. Six metals were chosen for this calibration: on the one hand, Al [Z = 13; ͓Ne͔3s 2 3p; face-centered-cubic (fcc) structure], Cu (Z = 29; ͓Ar͔3d 10 4s; fcc structure), Ta (Z = 73; ͓Xe͔4f 14 5d 3 6s 2 ; body-centered-cubic (bcc) structure), W (Z =74;͓Xe͔4f 14 5d 4 6s 2 ; bcc structure) because they have been extensively studied by dynamic compression; on the other hand, Pt (Z =78;͓Xe͔4f 14 5d 9 6s; fcc structure), and Au (Z =79;͓Xe͔4f   14   5d 10 6s; fcc structure) because they are often used as x-ray pressure gauges. Also, all these metals keep their simple structures to the maximum pressure studied.
The second aim of the present study, subsequent to the first aim, is to constitute an accurate data set of the EOS of metals, with simple structures, no phase transition and spanning a large range of values of the electronic number (from Z =13 to 79), so as to be able to reliably test electronic structure calculations. Density functional electronic structure (DFT) calculations are now widely used to calculate the cohesive energy of solids versus volume and its derivative, the EOS, but DFT calculations rest on approximations [e.g., local density approximation (LDA) or generalized gradient approximation (GGA)] and their validity is established by the ability to reproduce experimental data. The LDA and GGA have been found to produce pressures that provide, respectively, lower bounds and upper bounds to the observed pressure for a given volume. 15 In the present study we want to quantify this deviation over a significant compression range.
II. EXPERIMENTAL METHOD AND DATA
Five experiments have been performed with the same sample geometry. Three crystal grains (4 m in the maximum dimension), respectively of tungsten, copper, and aluminum in two runs, and tantalum, platinum, and gold in three runs have been loaded in a membrane diamond anvil cell with a large x-ray aperture, ensured by the use use of boron diamond supports. All metal crystals have been selected from commercial powders (purity from 99.8% to 99.95%). Helium was the pressure transmitting medium. The pressure was estimated from the pressure calibration of the luminescence of a 4-m ruby ball. 6 The ruby ball was placed touching the metals crystal grains at the center of the sample chamber. The pressure error bars range from 0.05 GPa at 1 GPa to 2 GPa at 150 GPa, if the ruby pressure scale is assumed to be correct. The lattice parameters of these metals have been measured by angle dispersive monochromatic ͑ = 0.3738 Å͒ XRD technique at the ESRF. The diffracted signal has been recorded on a MARE3450 imaging plate system, located at a distance of Ӎ400 mm from the sample. The diffraction geometry was determined using a Silicium reference sample. Maximum 2 value was 23°. Diffracted signal showed that the metal grains had different microstructures. The tantalum, tungsten, and aluminum grains were single crystals, while the platinum, copper, and gold grains were fine powders. Diffraction images were scanned with 100 m spatial resolution and integrated using the Fit2D software. 16 Powder spectra have been analyzed using Datlab and the lattice parameter optimized taking into account all diffracted peaks. Single-crystal diffracted peaks (number ranging from 4 for aluminum to 12 for tungsten) were individually integrated after refinement of the beam center. No evidence of nonhydrostatic compression could be evidenced with these two analysis, the relative differences between apparent lattice parameters for different Bragg peaks remaining smaller than 5 ϫ 10 −4 in the worst case, Al. In all cases, the relative uncertainty in the lattice parameters was smaller than 10 −3 . We checked by interferometry that the thickness of the sample chamber was always larger than the dimension of the crystals, to ensure that samples were not bridged between diamonds. Neither the ruby fluorescence spectra nor the values of measured interreticular distances exhibited any evidence of nonhydrostatic stresses up to 150 GPa. Furthermore, as shown in Fig. 1 , the degradation of tungsten single-crystal diffraction peaks upon pressure increase was weak, suggesting qualitatively that nonhydrostatic stresses remained small. Reference zero-pressure spectra have been recorded at the end of two runs, for all studied metals, after decompression and with the same samples and diffraction geometry as lowpressure points.
The lattice parameters of the six metals measured up to 144 GPa are presented in Fig. 2 . Corresponding atomic volumes are listed in Table I . The scatter of the data remains within ±0.02 Å 3 , except for Al. For that element, the diffracted signal was very weak. This scatter can be assigned to the intrinsic precision of angle dispersive XRD technique. For each metal, the P͑V͒ data have been fitted with a Vinet formulation of the EOS. 17 This provides three parameters that characterize an EOS-namely, the volume V 0 , the bulk modulus K 0 , and its pressure derivative K 0 Ј at ambient pressure. It is important to reach sufficient compression (Ӎ20% in volume) to constrain the K 0 Ј value. For all studied metals, V 0 has been deduced from the low-pressure measurements ͑0 ഛ P ഛ 5 GPa͒, leading to values which agree with literature 18,19 within 10 −3 . The value of V 0 was then fixed during the whole data set fitting. It was possible to fit the experimental data with either K 0 and K 0 Ј treated as free parameters or by fixing K 0 to its ultrasonic value, without any major decrease of the fit quality. The fitting results are presented in Table II . Gold and platinum EOS compare correctly with previous measurements, carried out at lower pressures. 28, 29 Aluminum, tungsten, and tantalum EOS data exhibit much less scatter than previous XRD determinations, [30] [31] [32] [33] and consequently lead to EOS parameters that are better constrained.
III. COMPARISON WITH OTHER EXPERIMENTAL DATA: IMPLICATIONS FOR THE RUBY PRESSURE CALIBRATION
To test static high-pressure metrology, the XRD EOS of these metals must be compared to the EOS obtained from the ; at 150 GPa, the diffraction peak appears slightly broadened in azimuthal angle ͑͒. (right) Same peak after integration in . In 2, broadening is very weak (from 0.064°full width at half maximum at the beginning of the experiment to 0.073°at 150 GPa). These spectra evidence a slight increase of the mosaicity of the sample at very high pressure and qualitatively show the quasihydrostatic conditions of the helium pressure transmitting medium.
reduction of shock wave data to 298 K. In dynamic compression experiments, shock velocity and particle velocity are measured during the shock. Then, the pressure P, the volume V, and the internal energy are calculated using the RankineHugoniot relations. 34 The temperature in shocked metals typically reaches 5000 K at 200 GPa. The P-V shock data are then generally reduced to ambient temperature, in a quasiharmonic framework, 25 using the Mie-Grneisen formalism. Fully ab initio reductions have also been carried out recently, 23 using a mean-field potential approach, which are in good agreement with empirical reductions.
In Table II , we have listed the parameters of the RSW-EOS of Au, Pt, Ta, W, Cu, and Al obtained by the most recent works. For all metals, the RSW-EOS have been fitted by the Vinet EOS between 0 and 160 GPa to obtain the parameters K 0 and K 0 Ј. There is consensus on the experimental Hugoniot curve of copper up to 200 GPa [34] [35] [36] . This metal thus appears to be a good pressure calibrant in our pressure range. On the contrary, we found discrepancies between recently published Pt and Au RSW-EOS 8, 23 and previous works. 37, 38 The comparison between the RSW-EOS and our x-ray diffraction measurements is presented in Fig. 3(a) . At high pressure, all shock wave pressures become larger than the ruby pressure. This could be explained by nonhydrostatic effects in the previous ruby pressure calibration experiment, 6 carried out with argon as pressure medium. In fact, the RSW-EOS used for copper in Ref. 6 is the same as in the present study, and consequently, the difference between the two calibrations must be ascribed to the difference between the static EOS data. Qualitatively, if the volume is overestimated by x rays, as expected in a nonhydrostatic experiment, pressure will be underestimated by the use of an hydrostatic RSW-EOS, which is the trend observed in Fig. 3(a) . We believe that the use of several metals that have been independently studied by shock waves, including one on which there is an experimental consensus ͑Cu͒, prevents us from a major bias due to a wrong RSW-EOS. We thus conclude that the ruby pressure scale 6 underestimates the pressure, especially above 100 GPa. This is new strong experimental evidence that supports earlier doubts about the ruby pressure calibration [12] [13] [14] . We propose a simple modification of this scale that minimizes differences with all RSW-EOS plotted in Fig. 3 . If the same simple algebric form as the one of Ref. 6 is kept,
with the same low-pressure dependence ͑A = 1904 GPa͒, a value of B = 9.5 (instead of 7.665) reconciles the current XRD EOS and RSW-EOS over the pressure range investigated. This is shown in Fig. 3(b) , where no systematic trend is observed in P SW − P R Ј. Since all x-ray diffraction EOS have been established using the same pressure scale, the ruby scale, the dispersion between the various curves in Fig. 3(b) also yields an estimate of the uncertainty in RSW-EOS, even if this uncertainty is not absolute. Au and Pt curves are, respectively, the lowest and highest; uncertainties in these RSW-EOS may thus be larger than for other studied metals. When these two metals are used as pressure calibrants, the current static EOS may be used preferably to the RSW-EOS previously published. 23 The present ruby scale calibration nearly follows the copper RSW-EOS, on which there is a consensus and for which the absolute error bars should be the smallest.
The difference between P R and P R Ј plotted in Fig. 4 is smaller than 2% below 55 GPa, which is compatible with the recent conclusion of an absolute calibration of the pressure scale. 11 The correction that has been recently proposed by two authors, 12,13 also plotted in Fig. 4 , falls within estimated error bars of the current calibration (Ӎ ± 3 GPa at 150 GPa). With the present data, we cannot find any clear evidence that the pressure correction should be negative at P Ͻ 30 GPa, as proposed by Holzapfel; however, this possibility cannot be ruled out. More compressible materials should be studied for that purpose.
With the new ruby calibration ͑P R Ј͒, new values of K 0 and K 0 Ј of the EOS of the six studied metals have been obtained.
A decrease of bulk modulus in the reference state K 0 ͑1-3 GPa͒ and an increase of its pressure derivative K 0 Ј ͑0.3-0.4͒ is obtained, which leads to parameters closer to the parameters deduced from acoustic data (see Table II ). In Table II , it is encouraging to see that the three different ex- In the next section, we compare our EOS data (indicated by expt subscript) obtained using our pressure scale P R Ј with EOS calculated by ab initio methods.
IV. COMPARISON WITH ab initio STUDIES
The basic result of DFT-LDA or DFT-GGA electronic calculations is the value of E C , the 0 K electronic energy, as a function of the atomic volume V of the material. The minimum of the E C ͑V͒ curve corresponds to the equilibrium volume V 0 DFT , and its curvature is proportional to bulk modulus K 0 DFT . The comparison between experimentals V 0 and K 0 and V 0 DFT and K 0 DFT has thus been used to check the ability of DFT calculations to predict E C ͑V͒ around the equi-
FIG. 3. (a)
Difference between reduced shock-wave pressure P SW and static pressure P R , as a function of P R at a given atomic volume. P SW and P R are calculated using Vinet EOS and parameters from Table II: (5) ( 1.1), (6) librium volume. 41, 15 It is also interesting to compare experimental and calculated E C ͑V͒ curves, or P C ͑V͒ =−dE C / dV curves in a large compression range. At ambient temperature, one measures P͑V,298 K͒ = P C ͑V͒ + P th ion ͑V,298 K͒ + P th elec ͑V,298 K͒,
͑2͒
where P th ion and P th elec are the thermal pressures, respectively, due to lattice vibrations and thermal excitations of the electrons. In the P-T range of interest, P th elec is negligible and P th ion remains smaller than 2 GPa for the six studied metals. P͑V , 298 K͒ is thus very close to P C ͑V͒. For this reason, ambient pressure EOS are a good test of DFT calculations. However, up to now, the lack of reliable experimental P-V data prevented careful comparisons. 42 We believe that the recovered consistency between EOS parameters measured by different techniques, obtained whith the new calibration of the pressure scale, shows that the current data set is now reliable and accurate enough for a meaningful comparison between experimental and calculated P͑V͒ curves.
We have compared the EOS obtained within a given approximation of DFT, the GGA, with our experimental data. Within the GGA, various computational methods should lead to similar EOS, as has been shown in the case of Ta.
14 Consequently, we present here only one set of calculated EOS for each element, published in Ref. 39 , for Al, Cu, Ta, and W and in Ref. 40 for Au. To our knowledge, no GGA EOS of Pt is available in the literature. Table III summarizes the parameters of the experimental and ab initio calculated EOS. For calculated EOS, the effect of thermal pressure at 298 K has been taken into account in original work 39 or added using literature data. 9,40 V 0 DFT , the equilibrium volume, is seen to be larger by 1.1-5.8% than experimental V 0 . Despite this large error on equilibrium volume, K 0 and K 0 Ј predicted by the DFT-GGA are in very good agreement with experimental values (less than 2.3% error on K 0 and 2.5% error for K 0 Ј), except for gold, for which bulk modulus is underestimated by 21%. The differences and similarities between ab initio and experimental EOS can also be evidenced by calculating P GGA − P expt , for a given atomic volume. In Fig. 5(a) , for each metal, P GGA − P expt , calculated for a given atomic volume, is plotted as a function of the experimental pressure corresponding to this atomic volume. P GGA − P expt is positive for the scanned pressure range and for all metals studied. This is a direct consequence of the overestimate on the equilibrium volume by GGA calculations: if the volume at zero pressure is overestimated, the pressure necessary to obtain a given volume will also be overestimated. In Fig. 5(a) , it also appears that this overestimate increases with increasing pressure. This trend can be simply explained by the incompressibility (i.e., the effect of pressure changes on volume) increase with pressure. At higher pressure, the same ⌬V will thus correspond to higher ⌬P.
To eliminate this equilibrium volume effect and focus on the effect of compression, we also compared P GGA and P expt , obtained for the same compression-i.e., the same value of V / V 0 , V 0 being the ambient pressure volume, calculated (e.g., V 0 DFT ) for P GGA and measured for P expt . When compared in terms of compression, GGA and experimental EOS of Ta, Cu, W, and Al are in very good agreement, differing by less than 5 GPa at 150 GPa [see Fig. 5(b) ]. In other words, the EOS of these four metals can be accurately reproduced by using the experimental V 0 and the calculated K 0 and K 0 Ј, which is also evidenced by Table I . This conclusion is similar to the one obtained in the case of diamond by Kunc et al. 13 For these metals, the cohesive electronic energy curve E C ͑V / V 0 ͒ predicted by electronic structure calculations in the GGA is thus very good. However, the comparison is Table II ). much less satisfactory for Au. The DFT-GGA calculations largely underestimate the bulk modulus of this metal, which leads to the large discrepancy between P GGA and P expt , as evidenced in Fig. 5(b) . This effect is less obvious in Fig. 5(a) because the overestimate of V 0 and the underestimate of K 0 compensate each other in this representation. It has been pointed out that the LDA formulation works better than GGA formulation for this metal, 40 which could be explained by errors compensation.
V. CONCLUSION
In summary, we have shown that using the XRD technique with a third-generation synchrotron source and helium as the pressure transmitting medium, accurate determination of the volume of metals can be extended in the Mbar range. Two main results of the current study can be highlighted: first, the confirmation that the classical ruby pressure scale significantly underestimates the pressure above 1 Mbar. We propose a revision, which keeps the same algebric formulation as the classical ruby scale, 6 and that is in good agreement with pressure scales recently proposed. 12, 13 The present calibration is an improvement because it is based on the measured volumes of primary pressure standards over a larger range of pressures and under quasihydrostatic conditions. Second, well-constrained EOS of six metals are obtained. This data set can be reliably used to test the predictions of DFT calculations for the EOS. The parameters K 0 and K 0 Ј, calculated within DFT-GGA, are seen to be in good agreement with experiments for Ta, W, Cu, and Al, but surprisingly, a large discrepancy is observed for Au, for which K 0 is underestimated by 21%. Similar measurements should now be performed for more metals, to cover various electronic distributions and understand the reasons of successes and failures of DFT and its approximations. We hope that this project will motivate further experimental and theoretical works.
